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Materials and Methods
Yeast Strains and Culture
Yeast cultures were grown in YPD, YPGal or SC (synthetic complete) medium supplemented with appropriate amino acids according to standard protocols. Haploid invasive growth was monitored as described (S1).
To generate the yeast strain lacking the FLO8 5'UTR sequence from -60 to -11 (flo8ΔIRES), we cloned genomic FLO8 (including 700bp of upstream and 400bp of downstream sequence) as a PCR-generated XhoI-XbaI fragment into the yeast integrating vector pRS306. The region from -60 to -11 (AUG = +1) was deleted by Quick-change PCR mutagenesis. This mutant version of FLO8 was introduced into the invasive Σ1278b strain background by two-step gene replacement. We confirmed the presence of the desired 5'UTR mutation and the lack of any additional mutations by isolating genomic DNA and sequencing PCR products containing the entire FLO8 locus (from -700 to +400).
To obtain eIF4G-depleted cells and extracts, we created the strain ΔeIF4G1::kan; GALp_eIF4G2 using PCR-mediated gene replacement as described in (S2) . This strain was kept alive on galactose-containing media and transferred to glucose-containing media to repress transcription of eIF4G2. C-terminal 3HA tags were introduced into the FLO8 and eIF4G2 chromosomal loci as described in (S2) .
Plasmids
Monocistronic luciferase reporters were generated by inserting yeast 5'UTR sequences as PCR-generated HindIII-NcoI fragments into pT7_F-luc(pA) 62 or pT7-stem_F-luc(pA) 62 (This study). Bicistronic luciferase IRES reporters were created by inserting yeast 5'UTR sequences as PCR-generated BamHI-NcoI fragments into pT3_R-luc<IRES>F-luc(pA) 62 , described in (S3).
Transcription and Translation m7GpppG-and ApppG-capped transcripts were prepared using T7 RNA polymerase (monocistronic plasmids) or T3 RNA polymerase (bicistronic plasmids) in reactions containing a 5-fold excess of cap analogue to GTP. RNAs were purified as described (S3) , and their integrity and purity was monitored on denaturing 1% agarose gels. Yeast translation extracts were prepared as described (S4) . Translation reactions (15 µl) containing 50 ng of capped RNA template and 9.5 µl of micrococcal nuclease treated extract in Translation Buffer (final concentrations in reactions: 22 mM Hepes-KOH, pH 7.4, 120 mM potassium acetate, 1.5 mM magnesium acetate, 0.75 mM ATP, 0.1 mM GTP, 25 mM creatine phosphate, 0.04 mM each amino acid, 1.7 mM DTT, 5 µg creatine kinase, and 10 U RNasin Plus (Promega) were incubated at room temperature (22) (23) (24) (25) o C) for 15-30 minutes. Reactions additionally included 1 mM m7GpppG cap analogue (NEB) competitor as indicated. Reactions were stopped by transfer to ice, and luciferase activities were measured using the Dual Luciferase Assay System (Promega) as per manufacturer's instructions on a Turner Biosystems 20/20n Luminometer. In vivo RNA translation assays using RNA electroporation were performed as described (S5) . To determine the level of F-luc reporter mRNAs present at the end of translation incubations, mRNAs were recovered by extraction with hot phenol followed by ethanol precipitation, and detected by Northern blot as described below.
Pab1 Purification and Filter Binding
Full-length recombinant His-tagged Pab1 was prepared as previously described (S6), with the addition of a Mono S purification step. Briefly, the eluate from a nickel column was dialyzed into Buffer A (20 mM Hepes-KOH, pH7.5, 50 mM NaCl, 10% glycerol, 1 mM EDTA, 1 mM DTT, 1 mM TCEP) and loaded onto a Mono S column (Pharmacia). Proteins were eluted with a linear gradient of Buffer A plus 1M NaCl, and eluted at ~400 mM NaCl. For filter binding assays, purified Pab1 was serially diluted into binding buffer (30 mM Hepes-KOH, pH7.4, 100 mM potassium acetate, 2 mM magnesium acetate, 2 mM DTT, 100 mM NaCl, 4% glycerol, 0.05% NP-40, 100 µg/ml E. coli tRNA), and incubated with 500 pM 5' 32 P-end labeled RNA [prepared with T4 polynucleotide kinase (NEB), and gel-purified on a 10% denaturing polyacrylamide gel]. Binding reactions were incubated for 30 minutes at room temperature before separation of bound and unbound RNA using a dot-blot vacuum manifold. Filters were washed, dried, and exposed to a storage phosphor screen (Molecular Dynamics). The autoradiogram was quantitated in ImageQuantTL (Molecular Dynamics) and the data were fit, using Kaleidagraph, to the equation:
Northern and Western Blot Analysis
Total yeast RNA was prepared by hot phenol extraction followed by ethanol precipitation, and separated on 1% denaturing formaldehyde-agarose gels. RNA was transferred to Hybond-N membrane (Amersham). FLO8 and FLO11 mRNAs were detected by hybridization with probes generated to the coding sequences using the Random Labeling Kit II (Stratagene). RPL28 and F-Luc mRNAs were detected with oligonucleotide probes directed against ORF sequences. eIF4G2-3HA was detected in translation extracts by incubation with monoclonal anti-HA (12CA5) monoclonal (Roche) 1:1,000, followed by anti-mouse-HRP 1:1,000 before detection with ECL (GE Healthcare). Flo8-3HA was detected in Western blots of whole-cell extracts by similar means with the addition of a tertiary incubation with peroxidase-anti-peroxidase (Sigma) 1:1,000 before detection with ECL (GE Healthcare). Pab1p was detected with the mouse monoclonal 1G1 (1:2,000), a generous gift of Maury Swanson. Relative intensities of bands on Western blots were determined using ImageQuantTL (Molecular Dynamics) to quantify densitometry of scanned films.
Fig. S1
. Invasive growth genes have IRES activity. In vitro translation of m7GpppG-capped polyadenylated bicistronic mRNAs. (A) Cap-dependent translation of R-luc (white bars) was inhibited by the addition of 1 mM m7GpppG to the reactions, whereas IRES-dependent translation of F-luc (black bars) was stimulated. Protein production was determined by measuring luciferase activity. For all luciferase assays, values represent the average of three independent experiments and the error bars show the standard deviation (SD). (B) F-luc activity from bicistronic mRNAs containing invasive growth 5'UTRs (black bars) or the reverse complements of these sequences (grey bars) inserted between the Renilla and Firefly luciferase ORFs. We have not used these bicistronic reporters for quantitative analysis of IRES efficiency because the premise on which such use is based -that the two ORFs are translated completely independently -is false. Fig. S2 . eIF4G promotes invasive growth IRES activity. Luciferase activity from translation in extracts prepared from control (black, +) or eIF4G-depleted (white, -) cells (after 12 hours in repressing media). F-Luc reporters contain either an m7GpppG cap (cap) or an ApppG cap plus a stable hairpin followed by cellular IRES sequences as indicated. The average activity for each mRNA in the control extract is set equal to 1.
Fig. S3.
Structural probing of the YMR181c IRES with RNases (A) The YMR181c 5'UTR contains regions of stable secondary and tertiary structure. 5'end-labeled YMR181c RNA -298 to +36 was annealed in buffer containing 30 mM Hepes, pH7.4 plus 100 mM potassium chloride in the presence or absence of 2.5 mM MgCl 2 by heating to 65 o C followed by slow cooling to 25 o C. Annealed RNA was disgested with limiting amounts of RNase T1, which cuts after Gs in single-stranded regions, or RNase V1, which cleaves double-stranded regions. Asterisks (*) indicate nucleotides that are specifically protected from T1 cleavage in the presence of Mg ++ . (B) The YMR181c minimal IRES is unstructured. 3'end-labeled YMR181c RNAs: -60 to +1, the reverse complement of -60 to +1, and -60 to -15 were annealed as described above, and digested with RNase V1. (S7) . 5'UTR lengths in this table were initially obtained by subtracting predicted 3'UTRs (S8) from the transcript lengths measured in (S9). Most of these boundaries were recently confirmed by high-density tiling microarrays mapping the UTR boundaries of yeast genes (S7) , and by highthroughput cloning and sequencing of yeast transcription start sites (S10). † We noted that the measurements for FLO8's 5'UTR differed between studies. We determined the boundary of this 5'UTR by sequencing the products from 5'RLM-RACE. ‡ Predicted stability of RNA secondary structures within the 5'UTR (M-fold) (S11, S12). A comparison of luciferase activity from in vitro translation of F-luc reporters containing various 5'UTR sequences as described in Fig. 1 . F-luc activity was normalized to mRNA levels as determined by Northern blot. The average activity per mRNA from translation of the m7GpppG-capped reporter was set equal to 100%. A comparison of luciferase activity from in vitro translation of bicistronic m7GpppG-R-luc_YMR181c_F-luc reporters containing a deletion series of YMR181c 5'UTR sequences as described in Fig. S4 .
